populations from India (Ramachandran et al. 1980) and introduced populations in Kenya (G. M. Muluvi et al. our unpublished data) , indicating considerable potential for improvement. The species was introduced to Kenya from India (exact location unknown) at the beginning of this century (Jahn 1991 ). However, little information is available on the genetic base of Kenyan populations and their genetic relationships to Indian populations. Such information would facilitate tree improvement programmes and the conservation and exploitation of Moringa genetic resources.
Molecular markers have proved to be powerful tools in the assessment of genetic variation both within and between plant populations by analysing large numbers of loci distributed throughout the genome (Powell et al. 1995) . We chose amplified fragment length polymorphism (AFLP: Vos et al. 1995) for this study because the technique has previously been used successfully in diversity studies in other species (Maughan et al. 1996; Sharma et al. 1996; Travis et al. 1996; Ellis et al. 1997; Hongtrakul et al. 1997; Paul et al. 1997; Arens et al. 1998; Winfield et al. 1998) . AFLP assays require no previous sequence knowledge and can detect 20Ð100 loci per assay (Maughan et al. 1996; Powell et al. 1996) . The technique has not been extensively applied to tropical trees and, to our knowledge, no molecular assays have previously been utilized to analyse genetic variation in Moringa species. Our objectives in this study were to examine the levels of genetic differentiation between natural populations of M. oleifera to define genetically distinct units for conservation purposes, and to quantify levels of genetic diversity within populations to optimize sampling strategies for the efficient maintainance of variability in the species.
Materials and methods

Plant material
One-hundred and forty genotypes of Moringa oleifera from seven different populations (20 trees per population) were used: two from Tamil Nadu (South India), one from Ex-Nsanje region (Southern Malawi) and four from Kenya. One of the Indian samples was a natural population while the second (PKM1) has been the subject of selection. The four populations from Kenya represent the only populations of M. oleifera in the country. They are distributed from the coast westwards and each separated by a distance of at least 150 km ( Fig. 1) . 
DNA isolation
Genomic DNA isolation was performed according to the method of Edwards et al. (1991) . Additional steps of chloroform:isoamyl alcohol (24:1) purification and RNase A (10 mg/mL) treatment were incorporated.
AFLP protocol
The AFLP method was carried out following the standard procedure described by Vos et al. (1995) . High-quality genomic DNA (0.5 µg) was digested with a pair of restriction enzymes (PstI/MseI) then ligated to doublestranded PstI and MseI adapters. The ligate was preamplified with nonselective primers and selective amplification carried out using pairs of 2 bp and 3 bp selective primers (Table 1 ). The products were separated on polyacrylamide gels using an M13 sequencing ladder as a size standard.
Data analysis
Amplification products were scored as discrete character states (present/absent). The data were transformed into band frequencies and diversity values based on phenotype frequency (phenotypes being the band patterns produced by individual primer pairs) were calculated using NeiÕs unbiased statistic (1987):
where n = number of individuals analysed and p i is the frequency of the ith phenotype. Total diversity values were averaged across loci. Monomorphic bands were included in diversity calculations. A matrix of genetic distances between genotypes based on the number of shared amplification products was calculated using the metric of Nei & Li (1979) . Average genetic distances within populations were calculated from the distance matrix, which was also used to construct a neighbour-joining phenogram using the NEIGH-BOUR and DRAWTREE options in the PHYLIP package (version 3.57c: Joe Felsenstein, University of Washington, USA). Finally, the distance matrix was used to perform a hierarchical analysis of molecular variance (AMOVA: Excoffier et al. 1992) using the ARLEQUIN software (Schneider et al. 1997) .
Results
Levels of diversity within and between populations of Moringa oleifera
Each of the four primer combinations revealed between one and 30 polymorphic loci in individual populations and between 16 and 60 polymorphic loci across all populations. A section of a typical gel is shown in Fig. 2 . In total, 157 polymorphic loci were generated, with between 19 (Kitui) and 61 (India) (Table 2) . Monomorphic bands were included in calculations.
Partitioning the variation within and between populations using an analysis of molecular variance (AMOVA) showed that 59.15% of the genetic variability existed as variation between populations (Φ ST = 0.5915; P < 0.00001: Table 3 ). A comparison of African and Indian populations showed that 18.59% of the variation existed between the two groups, but this was nonsignificant (P = 0.0538). Approximately 14.44% of the variation was partitioned between the Kenyan populations and the rest (Φ ST = 0.1444; P = 0.0342).
Genetic relationships in M. oleifera Figure 3 shows the neighbour-joining phenetic tree based on Nei and LiÕs genetic distance (Nei & Li 1979) . The India and PKM1 populations form single, distinct clusters which are separate from the four Kenyan populations. The individuals from the Malawi population do not form a single group but are dispersed, with two individuals (Malawi 9 and Malawi 10) associated with the India population. The remaining Malawi individuals are closer to the PKM1 population than they are to the Kenyan populations, which is consistent with the Malawi population being a recent introduction from India. The Kenyan populations form single, monophyletic clades and cluster in two groups, the first containing the Likoni and Mbololo populations and the second containing the Kitui and Kibwezi populations.
Discussion
In the present study, we have used AFLPs to study genetic diversity within and between seven geographically isolated populations of Moringa oleifera. Significant levels of population differentiation were found and, although high levels of between-population differentiation have previously been reported in tropical tree species using random amplified polymorphic DNA (RAPDs) (Chalmers et al. 1992 in Gliricidia sepium; Gillies et al. 1997 in Caesalpina echinata), such results are in contrast to expectations for woody, perennial, predominantly outcrossed species which maintain most variation within populations (Hamrick 1989) . Although M. oleifera is insect (bee) pollinated (Puri 1941; Chand et al. 1994 ) and adapted to a mixed mating system (Jyoth et al. 1990) , founder effects and restricted gene flow between populations due to geographical isolation (Schaal et al. 1998) may account for the significant differences between populations and regions. The highest levels of genetic diversity were found within the Indian populations. Among the Kenyan populations, the highest level of genetic variation was observed among the widely dispersed Kibwezi population while the more geographically restricted Kitui populations had the lowest level of diversity. Distribution range and population size have been identified as major correlates of within-population genetic variation in tropical tree species with restricted populations showing significantly less variation than those with a broader distribution (Loveless 1992) , while genetic variation varies directly with population size (Travis et al. 1996) . The relatively low levels of genetic variation in the introduced populations may suggest that these populations were based on a small number of genetically related accessions at the time of introduction. Alternatively, strong selection pressures may also have contributed to the low levels of diversity.
The neighbour-joining phenogram suggests a direct relationship between populations and their geographical origin in agreement with similar work by Hormaza et al. (1994) and Pakniyat et al. (1997) in Pistacia vera cultivars and wild barley, respectively. The clustering of Kibwezi and Kitui populations and Mbololo with Likoni suggests two sources of introduction of Kenyan M. oleifera. Historical relationships have been found to contribute to the genetic structure of most plant populations with those having recent common ancestry being genetically more similar than those having more distant common ancestry (Schaal et al. 1998) . Kitui and Kibwezi fall within the same climatic zone while Mbololo is intermediate between Likoni and Kibwezi. Loveless (1992) identified habitat heterogeneity to have an effect on population structure. Therefore, if the Kenyan populations were introduced from a common source, then climatic factors, short rotation and restricted gene flow may have played a role in influencing genetic differentiation between the two Kenyan groups. The clustering of the Malawi population close to the Indian populations suggests an Indian, rather than an African, origin for this population.
The present data on patterns of genetic differentiation suggest that the Kenyan populations should be considered distinct from each other for the purposes of seed collection, planting and management. In the case of conservation of genetic resources, seed collection should be done across the species range to ensure a more representative sampling of the genetic variation. The significant levels of genetic differentiation observed in this study may be related to adaptive variation, and structured progeny trials are required to assess the performance of the various populations for traits of interest. Although there is a risk in using neutral genetic markers for making inferences about adaptive processes unless selection is still acting or there is a very close linkage between the selected locus and the neutral marker (Palacios & Gonzales-Candelas 1997) , work on Cedrela odourata by Gillies et al. (1997) found a correlation between molecular differences between populations and adaptive characters.
For nonindustrial agroforestry species, obtaining quick, accurate estimates of the distribution of genetic variation in a cost-effective manner is particularly important. To date, most studies of this nature have employed RAPDs. In the present study we have used AFLPs to detect variability in common genotypes, although a parallel study on a subset of the same material using RAPDs has shown that information on diversity levels and relationships between populations is congruent between both marker systems (Muluvi 1998) . The AFLP technology is extremely robust and proficient at revealing intrapopulation diversity and estimating genetic distance between individuals and populations (Travis et al. 1996; Arens et al. 1998; Winfield et al. 1998 ). Furthermore, three times the number of data points (amplification products) were generated with AFLPs compared with RAPDs over an equivalent period of time (Muluvi 1998) . These factors contribute to the conclusion that AFLPs provide a cost-effective procedure to monitor the extent and distribution of diversity in Moringa and other agroforestry species.
